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A B S T R A C T
Transient electric gas discharges that occur around sliding interfaces during contact electriﬁcation of polymers
were studied at millisecond timescales and with micrometre resolution. Deduced vibrational temperatures in-
dicate cold plasma resulting from positive corona discharge. At millisecond timescales, previously unseen rapid
discharge events are observed, and modelling suggests that these result from streamer development, triggered by
electron emission from the polymer surface. Those which occur over a period of several seconds are shown to be
caused by competition between charge generation and the formation of polymer ﬁlms. The ﬁndings explain the
interplay between charging and plasma generation and their dependence on wear processes.
1. Introduction
Tribocharging, or triboelectriﬁcation, is deﬁned as the electrical
charging of contacting insulators that occurs when they are rubbed
together or brought in contact and then separated. The underlying
physics of tribocharging is only now becoming understood [1], despite
documents of its occurrence dating back thousands of years. Emergence
of new technologies such as distributed energy harvesting by tribo-
electric nanogenerators [2] [3], nano-coulomb molecular mass spec-
trometry [4] and triboelectric X-ray source [5] as well as rapid devel-
opment of the existing technologies, e.g. xerography [6], laser printing
[7], electrostatic separations [8], and so on, have led to renewed in-
terest in deepening our knowledge about the relevant phenomena of
charge generation and dissipation [9]. Although the details of charging
mechanisms are still incompletely understood, many eﬀorts have been
made on surface engineering of polytetraﬂuoroethylene (PTFE) and
other polymer membranes to enhance the triboelectric output and to
increase the surface charge density, which is closely approaching the
maximum value that is constrained by air breakdown [9–11]. What has
made this ﬁeld challenging is that charging is not only an electrostatics
problem, i.e. charge generation and dissipation, but in reality involves
tribological processes, which are system dependent.
Early research led to the construction of a triboelectric series which
ranks materials based on charge accumulation ([e.g. Refs. [12–14]]).
However, the exact order of this series is inconsistent [15,16], and even
rubbing together identical materials can produce charge [17,18] or de-
electriﬁcation [19]. Furthermore, whereas for metals electron transfer
between valence levels is understood to be the dominant mechanism
[20], there has been uncertainty regarding charge transfer for in-
sulating materials such as polymers, which by deﬁnition have no free
charge carriers. Charge carriers in these contacts were initially assumed
to be electrons [21–23] and then evidence suggested molecular or
atomic ions [15,24–26], with the latter now being the more accepted
view.
During the last decade, the picture of how both micro- and nano-
scale events are responsible for tribocharging and inconsistencies in
triboelectric series has become clearer, thanks in part to the introduc-
tion of Kelvin Probe Force Microscopy measurements [27]. Baytekin
et al. showed that a mass transfer mechanism for tribocharging of
polymers gives rise to nanoscale regions of positive and negative charge
[28]. Following this, Galembeck and co-workers showed that poly-
ethylene (PE) and PTFE, tribocharged due to the mechanochemical
process of chain scission followed by electron transfer [29], with fur-
ther support of mass transfer as a mechanism coming from Williams
[30], Burgo and Erdemir [31].
An additional complication, which aﬀects charging behaviour, is the
role of the ambient environment [31] and humidity [32]. Furthermore,
as shown by Sow et al., material strain can reverse the direction of
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charge transfer [33] and may play a key role in triboelectriﬁcation in
general. Despite these system-speciﬁc issues, several studies [31,34,35]
suggest that tribocharging and friction force have a common origin and
that measurements of the former provide fundamental information on
the origins of the latter.
Discharging mechanisms have received considerably less attention
and are not well understood [25]. Some evidence suggests that corona
discharge limits the formation of charge during contact electriﬁcation
[36–38]. When an electric ﬁeld exceeds a threshold (30 kV/cm for air
[39]), breakdown occurs that leads to the generation of plasma. The
presence of this plasma was ﬁrst predicted in 1965 [40], but it was not
until the beginning of the XXI century that Nakayama and co-workers
proved its existence by obtaining images of UV photon distributions in
the vicinity of sliding contacts between a diamond tip and a dielectric
surface [41–43]. It was found that the gas discharge at a sliding contact
is not exactly the same as the gas discharges, which appear during the
breaking of adhesive bonds, such as peeling a tape [44]. Besides con-
trolling charge recombination, the generation of plasma is responsible
for tribochemical behaviour that cannot be explained by classical
means such as ﬂash temperature rise [45,46]. For instance, plasma may
induce reactions that alter contact conditions by forming breakdown
products that deposit on component surfaces [47]. Plasma generated in
this way can cause the degradation of polymeric components and or-
ganic lubricants, particularly in the case of computer hard drive ap-
plications [48]. It can also inﬂuence electric and mechanical properties
of the materials of the sliding parts [49], that leads to complex non-
linear behaviour of energy and charge dissipation. At a larger scale,
plasma generation at fault asperities, has been linked to seismo-elec-
tromagnetic radiation preceding earthquakes [50].
Despite the advances described above, there is still much un-
certainty regarding triboplasma phenomena and its links with triboe-
lectriﬁcation. Most critically, the vast majority of triboplasma mea-
surements to date have been either time-averaged (e.g. Refs.
[41,45,50–53]) or spatially averaged [25], and as a result, there is little
understanding of the transient nature of this phenomenon. Further-
more, the focus of triboplasma and triboelectriﬁcation studies has been
on crystalline inorganic materials, with only very few studies
[25,54–57] addressing polymer materials, known to be important in
tribocharging applications [9].
The aim of the current study is to elucidate the transient behaviour
of tribocharging and its relationship to triboplasma for two polymers:
ultra-high molecular weight polyethylene (UHMWPE) and polytetra-
ﬂuoroethylene (PTFE). These two polymers are widely used as tribo-
logical materials in engineering and biomedical applications for their
low wear (UHMWPE) and low friction (PTFE) properties. Furthermore,
PTFE and PE have been studied extensively with respect contact elec-
triﬁcation behaviour [29,58,59]. It is understood that, when rubbed, its
dominant charging mechanism is the homolytic scission of the CeC
bond which produces free radicals with markedly diﬀerent electro-
negativities followed by electron transfer to leave regions of cations and
anions on surfaces [60]. In this study, plasma triboluminescence dis-
tributions around sliding polymer contacts in UV-vis range were mea-
sured simultaneously with surface electrostatic potential generated on
the polymer. The obtained data were fed into a simpliﬁed model of
electric ﬁeld conﬁguration in order to ﬁgure out the basic mechanisms
of discharge ignition.
2. Test methods
A sliding contact was produced by loading a 5mm diameter, single
crystal Al2O3 hemisphere against a rotating polymer disc (see Fig. 1),
while a UV sensitive camera (Hamamatsu ImagEM X2) with UV-13X
lens (Newport) was focussed through the Al2O3 specimen (Swiss jewel,
USA) onto the contact to obtain images of the generated plasma lumi-
nescence. A charge sensor (of the type developed in Ref. [61]) was
positioned diametrically opposite the contact with its tip 2mm above
the disc surface and was connected to an electrometer (Keithley 6517B)
to record the accumulated charge signal. For certain tests, the camera
was replaced by a spectrometer (Ocean Optics QE Pro) to measure the
optical spectra of the plasma. All tests were carried out at 2 N load
(corresponding to the initial average Hertzian contact pressure of
40MPa for PTFE and 16–52MPa for UHMWPE) and 2.4m/s sliding
speed. After each test, scans of the specimen surfaces were performed
using a variable pressure SEM (pressure of 60 Pa, 15 kV beam voltage
and ×100 magniﬁcation) and a Veeco optical proﬁlometer.
Test specimens were discs of UHMWPE and PTFE (Goodfellows,
UK). The crystallinity of polymer samples was measured using X-ray
diﬀraction and found to be 54% and 40% for UHMWPE and the PTFE
respectively. Single crystal alumina (Al2O3) was used for the stationary
specimen, since it is transparent to UV and visible wavelengths and
enables plasma discharge within the contact to be viewed. All tests were
conducted in an ambient atmosphere and room temperature and re-
lative humidity varied between 20 and 50%.
3. Results and discussion
3.1. Experimental transient plasma measurements
Fig. 2 shows time-averaged plasma luminescence intensity images,
recorded during rubbing tests on the PTFE and UHMWPE specimens
with a frame rate of 1.2 fps for 120 s. The shapes of the triboplasma
regions generally agree with those obtained by Nakayama for single
crystal oxides (e.g. Refs. [41,51]): for PTFE, the luminescence zone has
an almost circular geometry with a reasonably uniform luminosity
distribution, whereas for UHMWPE it is elongated. Weak protrusions
along the wear track at both the inlet and exit sides can be dis-
tinguished. For PTFE, a bow-shaped glow is observed around the con-
tact zone that extends to a point approximately 200 μm behind it. This
corresponds to Miura's β-peak (the location past the exit of the contact
where the geometry of the gap and the conﬁguration of electric ﬁeld
provide a maximum propensity for discharge) [42]. For UHMWPE, a
peak is observed in front of the inlet of the contact. This resembles
Miura's γ-peak (the location before the inlet of the contact where re-
entering charge and gap geometry provide a maximum propensity for
discharge) [42], however, it is located closer to the contact zone. In
addition to this, both polymers show weak luminescence at the contact
areas (Miura's α-peak). Overall, these ﬁndings are broadly in line with
the work of Nakayama [51] who found that UV luminescence image
became symmetrical with respect to the radial axis when a relatively
Fig. 1. Schematic diagram of test set up showing the sliding contact between
Al2O3 hemisphere and polymer disc.
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blunt diamond pin (3mm radius) was used. Thus, it can be suggested
that increasing the pin radius promotes symmetrical luminescence
shape. The size of the luminescent region for both polymers is about an
order of magnitude larger than Nakayama's, which we attribute to our
more compliant specimens producing a smaller gap between the spe-
cimens, and extends the region where gas discharge can exist away
from the contact (note that PTFE image has been cropped to enable
comparison).
Fig. 3 shows the spatial luminescence of PTFE and UHMWPE,
varying over a millisecond timescale, obtained at a frame rate of 70 fps.
This behaviour is highly dynamic with the intensity and position of the
described features varying substantially with time. The frames taken at
14ms correspond to the moment just before the discharge ignition. The
images in Fig. 3a) for PTFE recorded at 28–56ms show a sequence of
small discharges made up of burst pulses at and around the contact
zone. From 56ms onwards, intensive spots at the exit and the inlet of
the contact zone appear, denoted as β1 and β2, correspondingly. A tail
spreading behind the peak β1 along the wear track breaks the symmetry
of the luminescent zone, although, a symmetric weak protrusion in
front of β2 appeared in some pictures. This splitting of the β peak into
two symmetrical peaks has not been observed for the combinations of
sliding materials and sharp pins studied by Nakayama [41–43]. After
approximately 10 s of sliding, the luminescence intensity decreases and
its pattern becomes asymmetric, as presented in Fig. 3b. It is no longer
spread around the entire contact zone, but consists of burst pulses some
of which are short and bow-shape and situated close to the contact
zone, while others with varying irregular shapes protrude outwards (see
a video recording S1 in Supplementary materials).
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.triboint.2018.09.026.
UHMWPE luminescence (shown in 3c) consists of branched strea-
mers with only a small contribution from burst pulses. The streamers
propagated in all directions, although, they are more frequent at the
inlet side of the contact zone (Fig. 3c). Bright spots at the periphery of
the contact zone (see frames at 100ms, 112ms, 141ms, and 155ms)
are seen when electrons of the streamers approached the pin. The lu-
minescence behaviour does not change considerably with sliding time
(see video record S2 in Supplementary materials).
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.triboint.2018.09.026.
These two forms of discharge i.e. burst pulses and streamers, have
not been observed previously, since earlier studies [41,42,45,50–53]
have only presented time-averaged images (longer exposure times were
required due to the low levels of emitted light). With respect to this, it
should be noted that apart from the observed dynamic behaviour on a
millisecond timescale, most discharges are known for being inherently
pulsating on the microsecond timescale, where frequency increases
with the increasing potential [62,63], while the duration of the in-
dividual streamers in nitrogen is between several tens and a hundred of
microseconds [64]. Although the time resolution of our experimental
set-up (14ms) was not suﬃciently small to observe the development of
individual streamers our results give clues for the correct understanding
of the time-averaged luminescence images such as those shown in Fig. 2
and presented in earlier studies [41,42,45,50–53]. In fact, those images
must be interpreted in terms of photon emission probabilities: the
higher the luminescence intensity at a certain point, the higher is the
likelihood to observe photon emission at this point due to various in-
termittent discharge processes and events. There is a direct analogy in
the representation of time-averaged luminescence and electron orbitals,
both of which are density functions of the probability of having photon
or electron, respectively, although on diﬀerent scales. This approach
contrasts the established view that time averaged images of tribolu-
minescence are still images of a distributed gas discharge, e.g. glowing
discharge in a tube between parallel electrodes. For example, the in-
tensive β2 peak in Fig. 3a, does not signify a glowing crescent-shape but
is instead due to bursts and streamers more likely occur in this zone. A
higher degree of symmetry of luminescence images for PTFE indicates
that bursts and streamers do not have preferential direction.
The marked diﬀerences between the two materials are evident from
the time series of maximum plasma intensity in Fig. 4. In this ﬁgure,
each data point represents the maximum intensity in consecutive
camera frames acquired at the rate of 1.2 Hz. After a sharp initial peak,
PTFE shows a signiﬁcant and monotonous decrease in luminescence
intensity. For UHMWPE (Fig. 4), the behaviour is chaotic and consist of
sporadic sharp bursts on a relatively low-level base luminescence. The
intensity of the base luminescence is similar to the intensity of steady
luminescence for PTFE. The maximum burst intensity for UHMWPE is,
however, only about one-third of the initial luminescence intensity for
PTFE.
The triboluminescence spectra were obtained from both UHMWPE
and PTFE and found to be alike in structure, although the former is less
intensive and with higher dispersion due to its inherently unstable
plasma behaviour. Fig. 5 shows a portion of the emission spectrum
measured on PTFE. The spectra are dominated by the bands of the
second positive system of N2 (C3Πu – B3Πg) corresponding to Δν= ν′-ν’’
from 2 to −4, where ν′ and ν’’ are vibrational quantum numbers of
C3Πu and B3Πg metastable electronic states, respectively [65–67]. Some
weak contributions from the ﬁrst positive system of N2 (503–800 nm),
the ﬁrst negative system of N2+ (329–587 nm) and emission bands of
atomic N and O can be noticed [68]. Rotational bands were not re-
solved. The vibrational temperature of plasma was deduced using the
Boltzmann plot method under the assumption of plasma being optically
thin, and local temperature equilibrium (for time > 1 μs) [69]. To
determine the intensities of various superimposed bands, the measured
spectra were ﬁtted with Gaussian peaks, with centres ﬁxed at the po-
sitions of ν′-ν’’ transitions for N2 C3Πu – B3Πg [70]. The adjusted coef-
ﬁcient of determination was higher than 0.995. Then, the transitions
Δν=2 (4-2), Δν=1 (3-2, 2-1, 1-0), Δν=0 (0-0, 1-1, 4-4), Δν=-1 (2-
Fig. 2. Measured luminescent zone conﬁguration, from a) PTFE contact, b) UHMWPE contact.
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3, 1-2, 0-1), Δν=-2 (0-2, 1-3, 2-4, 3-5, 4-6), Δν=-3 (0-3, 1-4, 2-5, 3-6,
4-7), and Δν=-4 (0-4, 1-5, 2-6, 3-7) were used for drawing a Boltz-
mann plot. The radiative transition parameters: the Einstein coeﬃcient,
the wavelength, the statistical probability and the energy of the upper
energy level, which are required for calculation, were taken from NIST
atomic spectra database and other available literature [67,70]. The
adjusted coeﬃcient of determination of a linear ﬁt of the experimental
data was 0.523. Vibrational temperature determined from the slope of
the Boltzmann plot was 6405 K with a standard error of 1251 K. This
value contrasts the (ﬂash) temperature increase in the contact, which
was calculated for PTFE/Al2O3 sliding using Kennedy's method [71]
(inputting the parameters shown in Table 1) and found to be 17.3 °C
above ambient (and conﬁrmed with IR camera measurement of 14 °C).
Fig. 3. Images of transient plasma distributions (sliding direction from left to
right), obtained with a frame rate of 70 Hz for a) PTFE: during ﬁrst few seconds
b) PTFE: during the remainder of the sliding period and c) UHMWPE.
Fig. 4. Maximum transient triboplasma intensity vs. time for PTFE/Al2O3 and
UHMWPE/Al2O3 contacts.
Fig. 5. A portion of plasma emission spectra in the range of wavelengths
280–450 nm for PTFE sliding contact.
Table 1
Parameters used for contact temperature calculation.
Sapphire pin [74] PTFE disc [75]
Thermal conductivity (W m−1 K−1) 48 0.25
Heat capacity (J kg−1K−1) 761 1000
Young modulus (GPa) 345 0.3–.8
Poisson's coeﬃcient 0.28 0.46
Friction coeﬃcient 0.1
Normal load (N) 1.4
Sliding velocity (m s−1) 2.8
Radius of contact zonea (μm) 124
a Calculated from elastic Hertzian model.
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This temperature rise is equivalent to 1.5meV and is not very diﬀerent
from the ﬁnding of Nakayama for diamond/sapphire sliding [72] con-
sidering that thermal conductivity of sapphire disc is nearly two orders
of magnitude higher than for PTFE. Considering that infra-red emission
corresponds to the temperature of heavy particles such as neutrals and
ions, our ﬁndings give evidence of highly non-equilibrium conditions in
tribologically induced plasmas. Such conditions usually take place in
low-temperature plasmas at low electron energies, when elastic scat-
tering is the most frequent [73]. Vibro-electronic excitation and ioni-
zation are less frequent and have a range of energy thresholds. The
presence of low density of ions in the triboluminescent zone is evident
from the weakness of the bands of N2+. For various gases, the bands of
ionized species in triboluminescence spectra were usually lacking, al-
though the bands of metastably excited neutrals were almost identical
to the spectra of glowing discharge [53]. This ﬁnding supports the
hypothesis put forward by Nevshupa [38] that for non-symmetrical
conﬁgurations such as pin on disc, the type of gas discharge is corona
dominated by the electric ﬁeld of the pin rather than bipolar glowing.
These results also show that a part of the mechanical energy that is
transformed into electric ﬁeld at the sliding contact is coupled mainly to
the electrons and is related to the selective production of reactive
species including electronically and vibrationally excited molecules,
positive and negative ionic species, radicals, photons etc. The energies
of these excited species range between several and several tens of
electron-volts, which is several orders of magnitude higher than the
vibrational energy due to frictional temperature increase (1.5 meV).
There are certain features of the break down spectra, which cannot
be attributed to N2 breakdown. The two weak bands centred at 334 nm
and 400 nm could originate from luminescence of F+ and F∗ centres in
sapphire [76,77]. In this work, the sapphire pin became charged posi-
tively and acted as an anode, so emission of these bands could be ex-
cited by electron impact in addition to photoluminescence due to ul-
traviolet radiation. Furthermore, the shape of the bands at 400 and 425
points at the possible contribution from non-nitrogen radicals, e.g. CH,
which can arise from polymer bond scission and triboemission of vo-
latile alkanes [78].
3.2. Eﬀect of surface charge
The next test involved recording the time series of the accumulated
surface charge, measured using the electrometer alongside the plasma
intensity, as shown in Fig. 6. At the beginning of sliding, the charge
density increases linearly. The initial rates of charge accumulation are
49.6 and 11.0 nCm−1s−1 for PTFE and UHMWPE, respectively, as de-
termined from the slope of the plot in Fig. 6c. A deviation from the
linear behaviour is observed at approximately 1.5 s (PTFE) and 6.5 s
(UHMWPE) which coincides with the discharge ignition. The linear
charge densities at the moment of discharge ignition are 55.6 and 34.0
nCm−1 for PTFE and UHMWPE, respectively. After discharge ignition,
the surface charge density varies slowly with time and tends to stabi-
lize. For UHMWPE, steady state is reached in less than 100 s, whereas
for PTFE the charge accumulation continues at a low rate. In addition to
this, the steady charge density for PTFE is signiﬁcantly more negative
than for UHMWPE, which can be related to much higher electro-
negativity (4.0) and electron aﬃnity (328 kJ/mol) of ﬂuorine in com-
parison with carbon (2.5 and 121.7 kJ/mol, correspondingly) and hy-
drogen (2.2 and 72.8 kJ/mol, correspondingly).
Stabilization of the surface charge density indicates that the rates of
charge generation and recombination are close to equilibrium. If the
rate of charge generation is considered constant during the whole ex-
periment, the amount of charge dissipated in time t can be found from
the diﬀerence between the instant measured value of the surface charge
density and the value found from the extrapolation of the initial linear
part of the graph (Fig. 6b). This suggests that a signiﬁcant part of the
generated charge is dissipated through the gas discharge and the elec-
tric current feeding the gas discharge can be estimated from the rate of
charge generation, qj:
≈I q πdd j (1)
where d is the diameter of the wear track.
For d=40mm, (1) yields 69.9 nA and 42.7 nA for PTFE and
Fig. 6. (a) Variation of surface charge density as a function of time. b) Enlarged
portion of the plots of charge density showing initial linear behaviour. Straight
lines are linear ﬁts. Vertical dashed lines mark the rotation beginning. (c) Initial
part of the plot of the maximum luminescence intensity for PTFE and UHMWPE
sliding against Al2O3.
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UHMWPE, respectively. It should be stressed that for UHMWPE, instant
current during bursts can be signiﬁcantly higher, since, the charge is
measured on the disc surface away from the contact and therefore gives
no indication of the charge on the Al2O3 hemisphere specimen.
However, the total amount of charge dissipated at the pin and at the
disc by time t should be very similar. In this rough estimation, we as-
sumed that gas discharge is the only mechanism of charge dissipation
and recombination. If this were the case, then the plasma luminescence
signal would increase or at least remain constant throughout the test,
whereas in actuality, it reduces rapidly. Therefore, in the real situation,
some other processes must be occurring in parallel, to reduce the sur-
face charge to a value below this estimated upper bounds. One such
process is the transfer of negatively charged material from the PTFE
disc onto the positively charged alumina hemisphere, which is a known
lubrication mechanism for this polymer [79,80]. In other words, as
sliding commences, PTFE particles trapped in the contact are sheared
leading to bond scission and the formation of ions [60] on the polymer
surface. This results in tribocharging, as regions of negative ﬂuor-
ocarbon ions accumulate on the polymer surface. However, this
shearing process also results in the adhesive transfer of PTFE from the
disc to the alumina surface so the interface transitions from being
PTFE/Al2O3 to PTFE/PTFE (as conﬁrmed later by SEM), so the density
of negative charges on the disc and positive charges on the pin de-
creases.
The diﬀerences in behaviour between the time series of lumines-
cence intensity (Figs. 4 and 6c) and surface charge density (Fig. 6a),
which can be seen on a large time scale (tens and hundreds of seconds),
are not surprising since the charge measured on the disc away from the
plasma region gives an indication of the eﬃciency of surface charge
recombination in plasma rather than on the rate of tribocharging. So, a
gradual increase of charge density on PTFE implies either incomplete
recombination of charges in plasma or charge leakage out of the wear
track due to debris transfer or charge diﬀusion. The latter process can
be intensiﬁed under UV radiation [49]. In turn, the brilliance of tri-
boplasma is a function of the current density passing through the
plasma which depends on the rate of charge generation and conﬁg-
uration of the electric ﬁeld. The rate of charge generation can be af-
fected by the surface conditions and material transfer which is dis-
cussed in the next section. The electric ﬁeld can also be distorted due to
the build-up of local space charge around the pin due to the accumu-
lation of positive and negative ions in the air that can even completely
choke the discharge. Furthermore, attachment of charged polymer
debris can locally reduce electric ﬁeld strength, increase tortuosity of
the path of electrons towards the anode and cause breaking of sym-
metry in the luminescence pattern. In the case of UHMWPE, although
steady surface charge did not give indications of any considerable
charge leakage, the rate of charge generation may be insuﬃcient to
establish a steady gas discharge. Another important factor controlling
the type of discharge is the availability of seeding electrons since
electron emission from a cathode by ion impact is negligible under the
given experimental conditions and conﬁguration of the discharge zone.
UHMWPE should produce a higher rate of electron emission, than
PTFE, due to its much lower electron aﬃnity. Therefore, the chance of
streamer development should be higher for UHMWPE, which is con-
sistent with the observed plasma behaviour on microsecond scales.
3.3. Eﬀect of friction and wear
In Fig. 7, a comparison of luminescence intensity, friction coeﬃcient
and wear depth during PTFE/Al2O3 sliding tests is shown. Friction re-
mains approximately constant throughout the test, while photon
emission intensity varied by a factor of seven. Although wear rate
(depth) is highest during the ﬁrst 2 s compared to the later stages (due
to reducing contact pressure), it is not proportional to the observed
plasma intensity variations. This does not, however, preclude the in-
direct inﬂuence of wear, since a number of studies [28,30,31] have
suggested that charging behaviour is governed by material transfer
between specimens, which can be independent of wear rate.
To test the hypothesis that material transfer inﬂuences the variation
in plasma and charging, repeat tests were performed on the same wear
track (Fig. 8a), showing that emission resumes only after PTFE transfer
ﬁlm and debris have been removed from the alumina specimen. This
Fig. 7. Variation in a) friction coeﬃcient (f), b) wear depth (dw) and maximum
emission intensity (Iph) with time for PTFE/Al2O3 contact, loaded with 1.4 N
and sliding at a speed of 2.8 m/s.
Fig. 8. Variation in maximum emission intensity (Iph) with time for (a) PTFE/
Al2O3, showing the eﬀect of repeated tests on the same track and debris re-
moval. (b) PTFE/PTFE contact, loaded with 1.4 N and sliding at a speed of
2.8 m/s (inset shows the side image of luminescence).
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strongly supports the idea that the reduction in plasma observed during
the PTFE test could be caused by charge equalisation due to pre-
dominantly negatively charged debris transferring to the positively
charged hemisphere surface. This can also be responsible for the change
in the pattern of burst pulses with sliding time. The 65% reduction in
emission between the test on the new and cleaned wear track can
conceivably be attributed to the decrease in contact pressure due to
wear as the contact becomes increasingly conformal with a larger
contact area with the grooved wear track.
To further investigate the mechanism of charge generation, a test
was run in which a PTFE ball loaded against a PTFE disc. Since PTFE is
opaque, this precluded viewing of the contact through one of the spe-
cimens and therefore the UV-camera was positioned to the side of the
contact. An example of the images obtained in this way is shown in the
inset in Fig. 8b, while the rest of the ﬁgure shows the variation in
maximum plasma luminescence intensity over time. It is striking that
this plasma variation for the PTFE/PTFE contact is nearly identical to
that of the PTFE/Al2O3 contact. This shows that shearing of the PTFE
leading to molecular scission must be the mechanism responsible for
charging, (since electron transfer mechanisms due to contact potential
diﬀerence can be discounted for charging contacts consisting of iden-
tical materials).
Fig. 9 shows SEM images of the specimens obtained after each test,
where clear diﬀerences can be observed between the two polymer
materials. Focusing ﬁrst on the transfer of polymer to the pin specimen,
Fig. 9a shows PTFE debris having been transferred from the disc to the
hemisphere, which is present inside the contact area. Fig. 9c, on the
other hand shows a UHMWPE transfer ﬁlm on the Al2O3 hemisphere
outside the contact area on the exit side. This may hamper the estab-
lishment of steady gas discharge and explains the unusual conﬁguration
of the luminescent zone with the maximum intensity at the inlet of the
contact zone for the UHMWPE (Fig. 2), since the transfer of polymer
material to the hemisphere at the exit would reduce the strength of the
electric ﬁeld. It is also important to note that the transfer of UHMWPE
to the Al2O3 hemisphere must ﬁrst occur inside the contact area before
being transported to the exit due to the high shear stress within the
contact. This building up and subsequent removal of material within
the contact is a probable cause of the luminescence intensity ﬂuctua-
tions observed in Fig. 4.
Now considering the morphology of the PTFE and UHMWPE wear
tracks, shown by the SEM images in Fig. 9b and d. In the case of PTFE,
ﬂat lamellar ﬂakes, similar to those found on the Al2O3 hemisphere, can
be observed embedded in the wear track (in agreement with [80]). The
UHMWPE, however, shows more ﬁbrous debris, approximately half the
size of the PTFE, appearing stretched in the direction of sliding. (See
Supplementary information S3 showing motion and accumulation of
debris in-situ at the sliding contacts for PTFE and UHMWPE recorded
using a camera).
The contrasting wear behaviours of the two polymers can be at-
tributed to their molecular structures, morphology, crystallite size and
its orientation. UHMWPE consists of very long, highly cross-linked
molecular chains, which improve its wear resistance [81]. It has a low
glass transition temperature of around −150 °C and a higher crystal-
linity of 54% compared to PTFE (40%). UHMWPE also has higher yield
stress (0.2–1.2 GPa compared to 0.3–0.8 GPa [75]). The high strength
and propensity to ﬂow explains the observed ﬁbrous morphology of the
UHMWPE wear track as well as the adhered deposits on the Al2O3
hemisphere, which occur in response to the high shear stress and
moderate temperature in the contact. PTFE, on the other hand, has low
wear resistance that is closely associated with the smooth proﬁle of the
rigid-rod-like PTFE molecule [80] and a higher glass transition tem-
perature of around 115–130 °C [82]. This explains the PTFE's wear
Fig. 9. SEM images of a) charged PTFE debris attached to Al2O3 hemisphere, b) wear track on PTFE disc, c) UHMWPE transfer ﬁlm on Al2O3 hemisphere, d) wear
track of UHMWPE.
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track morphology, since it is less cohesive and tears more easily to form
lamellar ﬂakes, which become embedded in the wear track during
subsequent rotations. This wear process initially generates charge due
to the scission of molecules (a process demonstrated by the fact that a
PTFE-PTFE contact generates similar luminescence behaviour to the
Al2O3-PTFE contact). However, the greneration of ﬂakes is known to be
a self-limiting process since once formed, they shear easily and prevent
subsurface rupture [83] and generation of charged radicals [84]. This
wear behaviour perfectly explains the rapid increase and subsequent
decrease in charge rate and plasma generations observed in Figs. 3, and
5 to 8.
There is also the possibility that the pressure and temperature at the
contact zone (calculated above to be around 40MPa and 42 °C re-
spectively) could cause phase transitions of PTFE from hexagonal to
disordered pseudo-hexagonal or triclinic crystalline structures [85,86].
To our knowledge, the eﬀect of phase transitions on the tribocharge
generation of PTFE has not been studied so far, but it cannot be dis-
carded.
3.4. Model of electric ﬁeld conﬁguration and the onset of discharge
The conﬁguration of the electric ﬁeld just before discharge ignition
was modelled using a ﬁnite element method following the approach
described in Ref. [38]. The upper, ﬂat surface of the hemispherical pin
and the bottom face of the polymer disc were grounded. The pin and the
disc were set inside a conductive grounded cylinder ﬁlled with air.
Mean surface charge density on the disc was calculated from the ex-
perimentally measured linear charged density, assuming the constant
width of the wear track 600 μm. The charge accumulated on the pin was
assumed being equal the total charge on the disc surface, but with
opposite sign. It was also assumed that positive charge is uniformly
distributed over the circular contact area of the pin tip which has dia-
meter 600 μm. Charge diﬀusion, leakage or recombination were not
considered. Simulation was made for the moment just before discharge
ignition (Fig. 6b). Linear charge density, Ql, surface charge density, Qs,
and the total accumulated charge, Q, for the disc and the pin are shown
in Table 2.
The simulated radial and axial components of electric ﬁeld on the
disc surface along axis x and z, correspondingly, are shown in Fig. 10a.
Despite considerably diﬀerent charging rates, the strength of the elec-
tric ﬁeld at the discharge ignition for PTFE and UHMWPE are quite
similar. For both polymers, the radial component is nearly an order of
magnitude higher than the axial component. The weak electric ﬁeld of
the charged wear track caused only little variation in radial and axial
components of the electric ﬁeld along y-direction in comparison with x-
direction. Therefore, the total electric ﬁeld is dominated by the highly
stressed anode (Al2O3 hemisphere), which has concentrated positive
charge over a small surface contact area. Because of the conﬁned
geometry of the gap between the pin and the disc, the electric ﬁeld is
quite uniform across the gap along zdirection, but has a strong gradient
in the radial direction. Our model, therefore,suggests that the electric
discharge is of a positive corona type, which contradicts the earlier
models based on the assumption of the electric ﬁeld directed across the
gap leading to bipolar gas discharge [51,52]. Fig. 11a schematically
shows the processes leading to the ignition of gas discharge and the
appearance of luminescence.
The conditions for breakdown are easiest at Stoletov's point, Es,
where the ionization capability of electrons is at a maximum. For air at
atmospheric pressure, this corresponds to Es=27.4MV/m [63,87]. The
zone where the electric ﬁeld, E, at the moment of ignition satisﬁes the
following condition:
Table 2
Linear charge density, Ql, surface charge density, Qs, and the total accumulated
charge, Q, for the disc and the pin just before ignition of the discharge.
Disc Pin
Ql (C m−1) Qs (μC m−2) Q (nC) Qs (μC m−2) Q (nC)
UHMWPE −3.40×10−8 −56.7 −4.3 1500 4.3
PTFE −5.56×10−8 −92.7 −7.0 2470 7.0
Fig. 10. Simulation results just before breakdown: a) radial (Ex) and axial (Ez)
components of the electric ﬁeld for the two polymers. b) the coloured region
shows the zone for PTFE/Al2O3 sliding where conditions for breakdown are
easiest. c) lines of the electric ﬁeld around the contact zone for PTFE/Al2O3
sliding.
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E≥ Es (2)
and is shown in Fig. 10b by coloured zone. The colour map indicates the
strength of the electric ﬁeld. For discharge ignition at these conditions,
the minimum thickness of the air layer around the anode should be
11 μm (this distance must be measured along the gradient ofthe electric
ﬁeld that is in the radial direction and not across the gap). The width of
the coloured zone surrounding the contact zone is about 250 μm so the
required condition for the minimum distance is fulﬁlled. The shape and
the size of the coloured zone in Fig. 10b, are quite similar to that of the
experimental time-averaged images of luminescence (Fig. 2), which
conﬁrms that luminescence occurs in the region, where condition (2) is
satisﬁed, and also supports our hypothesis about the conﬁguration of
the electric ﬁeld. It should be stressed, that in our simple model no
assumption on the charge diﬀusion from the contact zone was made.
The conﬁguration of the electric ﬁeld is governed only by the local
charge on the contact zone. This contrasts some previous approaches in
which spherical pin and disk were assumed conductive with a constant
potential diﬀerence applied between them [88] that led to a nearly
uniform electric ﬁeld across the gap. For positive corona discharge,
triggering electron emission and secondary processes are of critical
importance for sustainability. Furthermore, for positive corona, the
cathode does not furnish a secondary mechanism of free electron
emission, which therefore must be achieved due to photoionization and
collisions of excited and neutral atoms [62]. Electrons produced due to
photoionization within the zone of the easiest breakdown or at the
distance up to 11 μm from it will contribute to the sustainability of the
discharge (process V in Fig. 11b). There are a number of other possible
sources of the necessary seeding electrons. For instance, when in-
sulators are rubbed together, numerous studies have shown that this
can cause surfaces to emit electrons [89,90], with various proposed
mechanism such as fracture [91], ﬁeld emission [92], thermal emission
[93], strain relaxation [94] (process VI in Fig. 11b). UV radiation from
gas discharge can also enhance electron release through photoemission.
The measurements of these frictionally stimulated electron emissions
typically show short duration bursts with similar temporal character-
istics to the streamers in Fig. 3 [95–98].
It should be noted also that the axial component of electric ﬁeld is
negative at a distance of up to 2mm from the contact zone, which fa-
cilitates the emission of electrons from negatively charged regions of
the wear track. Released electrons will be drawn to the contact zone
and can initiate streamers or feed pulse bursts. The ﬁeld lines around
the contact zone predicted by the ﬁnite elements approach in Fig. 10c
show possible electron trajectories. At a larger distance from the con-
tact zone (several millimetres), the electric ﬁeld is not axisymmetric
because of the displacement ﬁeld and asymmetric conﬁguration of the
setup. These ﬁeld lines have a bow shape. They begin at the wear track
and end on the sides of the contact zone. This resembles the conﬁg-
uration of measured burst pulses of luminescence in Fig. 3b. The-
conﬁguration of the electric ﬁeld also reveals two protrusions coin-
ciding with the wear track caused by its weak electric ﬁeld. These
protrusions together with the triggering electron emission from the
wear track can explain the preferential direction of the streamers along
the sliding direction. The fact that luminescence can be observed at the
inlet of the contact zone can be related with the re-entry of the charged
disc surface. This is supported by reports of the half-life of corona
charged polyethylene being ca. 30 h [29] and that of tribocharged PTFE
being ca.60 h [58] (both under 60% RH).
Analysis of the luminescence shows that the dominating compo-
nents for PTFE were pulse bursts. This indicates that the main sec-
ondary ionization mechanisms should be those of typical positive
corona discharge (photoionization and collisions of neutrals and excited
molecules). The absence of streamers means that electron emission
from the mechanically aﬀected zone on the disc should be hindered due
to the very high electron aﬃnity of PTFE. Lack of electron emission
from PTFE can cause an overshoot of potential at the beginning of
sliding [62] that leads to intensive luminescence at the breakdown. On
the other hand, signiﬁcant streamer component in UHMWPE lumines-
cence suggests that UHMWPE provides considerable electron emission
from the mechanically aﬀected zone, as suggested by Hiratsuka [54].
Fig. 11. Schematic representation of various processes relevant to triboluminescence at Al2O3/polymer sliding. a) Initial electric ﬁeld build-up and discharge
ignition, b) secondary process, c) Relevant tribological processes.
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When a streamer arrives at the anode, the strength of the electric ﬁeld
decreases due to both recombination of electric charges on the pin
surface and space charge of positive ions and the discharge chokes it-
self. Then the electric ﬁeld gradually rises due to continuous charging
and repeated breakdown. For PTFE, the discharge behaviour is more
uniform, which can be related to the higher rate of charge generation
and limited electron emission from the disc surface.
Referring to the schematic drawing in Fig. 11 of the initial electric
ﬁeld build-up and discharge ignition, the following stages can be
identiﬁed. First, there is an accumulation of concentrated positive
charge at the pin tip and sparse negative charge on the disc, which leads
to the build-up of a nearly axisymmetric electric ﬁeld (I-III) around axis
z passing through the centre of the pin normally to the disc surface.
Then, when the strength of the electric ﬁeld reaches the critical value
corresponding to Stoletov's point, breakdown occurs. The discharge is
similar to positive corona (IV) since the electric ﬁeld conﬁguration is
governed by highly stressed anode (pin). b) Relevant secondary me-
chanisms for release of free electrons, which are necessary for sus-
taining the gas discharge. The cathode (disc) does not furnish a sec-
ondary mechanism through ion impact electron emission. This is
achieved by photoionization of gas by UV photons emitted by plasma
and collisions of excited and neutral atoms (V). Additionally, the
cathode can supply free electrons from the negatively charged and
mechanically aﬀected zone through various processes including exoe-
lectron emission, ﬁeld emission, photoemission, etc. (VI). c) Some re-
levant tribological processes inﬂuencing gas discharge tribolumines-
cence. Build-up of a transfer ﬁlm (VII) can reduce the rate of charge
generation. However, triboelectriﬁcation is not inhibited at sliding of
similar materials. Attachment of negatively charged and neutral debris
at and around the contact zone (VIII) decreases the strength of electric
ﬁeld in proximity to the pin (on one side or around the pin), where the
conditions are favourable for gas discharge. In addition, the presence of
debris increases tortuosity of the path for electrons towards the pin and
shades the luminescent zone. When the attached debris have a mosaic
pattern of charge, the local electric ﬁeld can distort the electric ﬁeld of
the pin and produce irregular luminescence patterns (IX).
In addition to the intrinsically complex behaviour of luminescence,
tribology-related processes may further modify its behaviour. The rate
of charge generation can be aﬀected by the formation of a transfer ﬁlm
(process VII in Fig. 11). Luminescence instabilities on the large time
scale (seconds) can be to a certain extent related with partial destruc-
tion and rebuilding of the transfer layer. The debris attachment to the
pin described in Section 3.3 can cause local distortion of the electric
ﬁeld in the discharge zone (Fig. 11b) due to their own charge of the
opposite sign and displacement ﬁeld (process VIII in Fig. 11c). This can
lead to choking of the gas discharge at one side or around the entire
contact zone. This explains the mirrored time-averaged luminescence
for UHMWPE and gradual extinguishing of luminescence in the case of
PTFE, which could be partially restored after debris removal. Detach-
ment of debris may cause the transient bursts of plasma occurring at
milliseconds time scales observed in Fig. 3. If debris carry mosaic
charges of opposite signs the combination of the external electric ﬁeld
of the anode and the local electric ﬁeld can give rise to local bursts at
the debris or between the debris and the anode (process IX in Fig. 11c).
Furthermore, opaque debris can shield the optical pathway between the
luminescence zone and the camera.
It should also be considered that the ambient environment [31,32]
and surface moisture is an additional complication, which aﬀects var-
ious processes relevant to triboluminescence, in particular, the charging
behaviour. It was reported that contact charging increases as the re-
lative humidity increases from 0 to 20–40% [99,100], 10–30% [54] and
then decreases at higher humidity. It has been shown that every com-
bination of tribopair has a maximum charge at its own humidity [54].
Future work will focus on unveiling how millisecond triboluminescence
behaviour and surface charging of various polymers depend upon hu-
midity.
4. Conclusions
Until now, very little has been known about how materials dis-
charge following contact electriﬁcation, and to address this the current
study has developed a technique to image the luminescence behaviour
with millisecond time resolution and sub-millimetre spatial resolution
around a sliding contact. Results were interpreted using a ﬁnite element
model of the electric ﬁeld around the contact. As well as shedding light
on how charged surfaces dissipate charge, these ﬁndings conﬁrm that
contact electriﬁcation is a tribological as well as an electrostatic pro-
cess, and suggest that methods such as selecting component's mechan-
ical properties and implementing lubrication can be used to control
contact electriﬁcation and breakdown.
4.1. Time-averaged luminescence
The time-averaged image revealed a nearly symmetric shape of the
luminescent zone, which was more intense at the inlet of the contact
zone due to severe deformation of the polymer surface at the inlet,
while the luminescence at the exit side was due to the formation re-
entry of the charged disc surface. Luminescence spectra for both poly-
mers are dominated by the bands of the second positive system of N2.
Vibrational temperature determined using Boltzmann plot method from
the bands of N2 C3Πu→ B3Πg was 6405 ± 1251 K. This is the ﬁrst time
the vibrational temperature of triboplasma was determined. It was two
orders of magnitude higher than the temperature at the interface, which
is indicative of cold plasma.
Both polymer discs charge negatively during sliding with the surface
charge density increasing slowly as sliding continues and eventually
tends to stabilize. The deviation from linear behaviour occurs due to
discharge ignition process. However, the slow increase in charge den-
sity suggests that additional charges were generated after discharge
ignition recombination.
Simulation of the electric ﬁeld conﬁguration revealed a nearly
symmetrical distribution with respect to the axis normal to the disc
surface and passing through the centre of the contact zone, which was
almost one order of magnitude lower than the radial component. This
suggests that gas discharge is of corona type with a highly stressed
anode. The predictions of the shape and the size of the zone where the
conditions for gas discharge are most favourable, (i.e. where the
strength of electric ﬁeld is equal or higher than the corresponding
Stoletov's point) were shown to agree with the experimentally mea-
sured values from the luminescence zone. However, transient ﬂuctua-
tions in plasma that have been observed for the ﬁrst time, cannot be
predicted in the same way.
4.2. Transient luminescence
An important observation in this work is that previous studies may
have incorrectly interpreted the time-averaged images as a steady glow
from the contact owing to the long exposure times used in their mea-
surements. In fact, as our measurements show for the ﬁrst time, plasma
luminescence is highly transient in nature. Hence, time-averaged
images must be treated as a spatial distribution of probabilities of
having photon emission.
Streamers dominated luminescence of UHMWPE while for PTFE,
luminescence was mainly in form of burst pulses around a contact zone
with rare streamers. These diﬀerences in millisecond behaviour be-
tween the two polymers are attributed to
(a) Diﬀerences in charging rates of the polymers and their capacity to
supplying free electrons. For UHMWPE emission of electrons gives
rise to branched streamers which approach the contact zone along
the lines of the electric ﬁeld. For PTFE, emission of electrons was
inhibited because of its high electronegativity that prevented
streamer formation. The discharge is sustained due to secondary
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processes such as photoionization.
(b) The role of charged debris particles initiating these streamers.
(c) Tribologically-related processes such as transfer layer formation
and destruction, generation of debris and their attachment to the
pin that leads to a decrease in the strength of electric ﬁeld and a
reduced rate of charge generation (debris removal from the contact
interface led to a partial recovery of luminescence).
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